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ÀBSTRÀCT

This thesis exarnines the nonstationary electromyogram(Et'tG)

by describing lhe experimentally obtained EMG variance and

aulocorrelation with mathematical functions.

Based on Kreifeldt's postulation, which considers the

EMG signal to be an amplitude modulated signal where the

carrier is a random process and the number of active motor

units is lhe modulating signal' two mathematical functions

are used to curve-fit the EMG variance and one to curve-fit

the autocorrelation. Performance of these functions are

evaluated using lhe mean-square-error criterion. Results

have shown that these functions describe the EMG variance

and autocorrelation weIl. The two variance functions used

to curve-fit the EMG variance have errors which ranged from

0.67% to 7.87% white the function used to curve-fit the au-

tocorrelation has errors which ranged from 4.23% Lo 28.41%'

Fina1ly, the Midpoint Moving Average Estimator and the Homo-

norphic filter are developed to estimate the EMG variance.
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Chapter I
INTRODUCTION

The purpose of this thesis is

nonstationary elec t romyogram

insight regarding its use as

such as prosthetic arms.

to experimentally examine the

(EMc), in order to gain more

a control signal in devices

Over the past two decades, design of controllers for

electrically powered prosthelic devices has treated the EMG

as a stationary signal. The most sophisticated prosthetic

device has a ¡nu1ti-channel or multí-state controller, and

has the capability of producing six motions Isaridis,1982] .

This prosthesis is slow in responding to EMG signal since

the EMG must become stationary at a specified leve1 before a

motion is produced. Therefore, the control of prosthetic

devices may be improved if nonstationary EMG can be utilized

as a control signal.

It has been postulated that the EMG signal e(t) can be

considered as an amplitude modulated signaI [Kreifeldt ,19747.

The main purpose of this thesis is to verify further by ex-

perimental work this amplitude modulated model of EMG signal

generation. Three mathematical models are proposed and in-

vestigated to describe the variance and autocorrelation of

EMG. Experimental data were obtained to evaluat'e the per-



formance of these functions using the mean-sguare-error cri-

terion. These functions are used to develop two variance

estimators, the Midpoint Moving Àverage Estima-

tor(to¡¡p) lxiong,1985J and a homomorphic filter.

The thesis consists of five chapters. Chapter lwo re-

views the physiological structure of a muscle, and the gen-

eration and properties of the EMG. Chapter three describes

the experimental procedure for acquiring data and subsequen!

data processing. chapler four discusses results as ¡ve1l as

application of the functions to the MMAE and homomorphic

filters. FinaIIy, conclusions and recommendations are given

in Chapter f ive.

- ¿-



Chapter II
BÀCRGROI'ND

This chapter briefly reviess the necessary background ma-

teriat. Section 2.1 reviews the physiological sÈructure of

muscle and how the EMG is generated. Section 2.2 describes

the relevant EMG properties and introduces a mathematical

model for the EMG.

2.1 PHYSIOLOGICÀI BÀCKGROI'ND

The following discussion is based on lhe physiology text of

Crouch 119721 . Muscle contraction, controlled by the nervous

systàm, generates human movements and also the EMG signal.

There are tno types of contraclions, isotonic and isometric.

Isotonic contraction produces movements and involves the

shortening and lengthening of muscle fibres. rsometric con-

traction does not produce any movement but provides fixed

gestures, i.e., the muscle length remains constant. Due to

the fact that the properties of the EMG signal partly depend

on the length, velocity and shortening of.muscIe, and that

the EMG is typically generated by an isometric contraction

fcr control purpose' isometric contraction was chosen to

generate the EMG signals in this thesis.

-3-



AII muscl.es are composed of elongated cells called mus-

cIe fibers. These muscle fibres contain fine fibrils caIled

rnyof ibrils within their cytoplasm, also calLed sarcoplasm.

Three types of muscle tissues are found in the humân body'

smooth, cardiac and ske1etal. Skeletal muscles are also

called striated muscles due to their longitudinal).y arranged

myofibrils. More inportantly, they are the muscles that are

volunÈarilycontrollable; therefore, typically, theyare

chosen for EMG study.

Each nerve fibre innervates from a f el¡ to hundreds of

skeletal ¡nuscle f ibre.s. The nerve fibres along with the in-

nervated muscle fibres constitute a motor unit. when a mo-

tor unit is stimulated by nerve impulses, the corresponding

muscle fibres contract and generate a force.

Àn action potential, physiologica).J.y called a nerve im-

pulse, may be defined as a physiochemical change in nerve

fibres which once initiated, is self-propagating. rt can

Iast for a period of 5 ms, and can travel along the cell
membrance at velocities of up to 120 meters per second.

Therefore, it is possible t.o have a sequence of action po-

tentiaÌs travelling along a nerve fibre. when this sequence

of action potentials reaches its corresponding muscle fi-
bres, it causes a contraction in the muscle fibres. The

transmission of these action potenÈials along the muscle fi-
bres produces an electrical signal commonly known'as the EMG

signal nhich can be detected by surface electrodes. Its



characteristics depend on the number of molor units being

stinulated in a muscle and the frequency of the action po-

tential train. Previous studies have shown that this EMG

signal is a zero-mean Gaussian signal, even when it is gen-

erated by a low level muscle contraction[Shwedyk, 19741 .

2,2 THEORETICÀL BÀCKGROI'ND

Às has been mentioned, the EMG can be modelled as an ampli-

tude modulated sígnal. Thus' the EMG signal e(t) can be ex-

pressed as

e(t)=n(t)w(t). (2.1)

The modulating signal n(t) represents the number of active

motor units. The carrier w(t) is a random process which is

assumed to be stationary. Because the EMG is a zero-¡nean

Gaussian random process, w(t) can be assumed to be zero-

mean Gaussian with unit variance. In the case of stationary

EMG, n(t) is just a constant, while in the nonstationary

case, it varies as a deterministic function of tine.

The autocorrelation function reveals the dependence

a signal at two time instances. For the EMG e(t), it
given by:

Ree(t.+r, t )=e Ie(t+f)e ( t ) ]

of

is

=p In(t+r)n (t] I elv(t+z)w(¡) l

=n(t+f) n(t) n*r,( z ). (2.21



nhere E[ ] is the expectation operator. For stationary EMG'

lhe above expression becomes

Ree( 7 )=K Rwe(7) , (2'3)

where K is a constant. Parker [Parker, 1977] has found that

the autocorrelation function of ç(t), RïH(7), can be de-

scribed by the fotlowing function:

Rçr¡( r)= r+}+- +) exp[-a lr | ] (2.4')

where a is a constant depending on the physiology of the

muscle. The curve of this function has one rnain-Iobe and two

small-side Iobes. It is worthwhile to mention that this ex-

pression rlas derived under the fotlowing assumptions:

1. À11 motor units are uncorrelated.

2. À1I motor unit action-polential travef orms are

ident ical .

3. ÀI1 muscle-fibre propagation velocities are

identical.

In the case of nonstationary EMGr eþ6¡ 7=0, function

2.2 bec ome s

R6s(t,t)=n2(t) B [$2 (t)], (2.5)

Since the EMG has zero mean and w(t) has been ' assumed to

have unit variance,



Ree(t,t)=n2(t).

Thus, the EMG variance is,

óå(t)=n,(t)

Two heur i st ic functions Here

mentally oblained variance data.

(2 .6)

used to curve-f it exPeri-

They are:

1. óå,trl=x[1-exp(-Krr)1,

z. óårttl=x[1-erexp(-¡t)-a1exp(-at)J

(2.7 )

(2.8)

The constant K is simply a scaling factor. Parameters K1, À

and B are estimaÈed according to cerbain criteria given Iat-

er in t.his chapter. Since the first derivative of function

2.8 is constrained to zero a! t=0, Àr and B1 âre variables

depending on parameters À and B. These two func!ions are

chosen to reflect the fact that the EMG variance aJ'ways ris-

es smoothly from one level to another, i.e., it would not

jump from one leveL to another level as a step function

would.

Equation 2.7 is a simpler expression. One disadvantage

of this function is that it tends to have more error at the

lower level of the EMG variance as shown in Figure 2,1.

However, it does perform welL at the higher levels. In or-

der to minimize the lower level error while stitl keeping

the good performance at high level, function 2.8 was intro-



Figure 2.1: Low Level Error of Function óå, ttl

duced. The mean-square-error criterion is used here to

evaluate the performance of the variance functions in curve-

f ittin.g the experimentally obtained results.

-8-



Chapter III
EXPERIMENTÀL WORK

This chapter describes the experimental study used for data

generaLion and acquisition and the signaI analysis per-

formed. The entire experimental set-up is first reviewed in

section 3.1. The appropriate terminology and how the data-

acquisition was performed is described next in section 3.2.

Section 3.3 explains the data-processing scheme to compute

the EMG variance and autocorrela!ion of the experinentally

obtained EMG data, and also explains programs that curve-fit
the functions to the experimental EMG variance and auto-

corrèIat i on.

3.1 EXPERII.IENTÀT.,. SET-UP

The entire experimental se!-up for

best illustrated in terms of the

3.1.

Two channels of data are samPled

PÐP-11/40 system. one channel is the

other is the strain-gauge signal which

produced by the muscle. Each channel

pling frequency of 500H2.

data-acqui s i t ion may be

block diagram in f igure

simultaneously by the

EMG signal, while Èhe

represents the force

is sampled at a sam-

-9-



SUBJECT

DIFFERENCE
AI.f PLI FI ER
BVI:5-500H2

STRA I N-GAUG E
AMPLI F I ER
BW:0-50H2

Figure 3.1: Experimental Set-up for DaÈa Acquisition

PDP-Il/4 0
fs=5oo¡lz,zch

OS C I LLOSCOPE

MrcRo-11/2 3

SIGNAL
GENERÀTOR



This sarnpling frequency is determined by the EMG potder den-

sity spectrum which lies bet¡reen 1oHz and 200t¡2. The high-

est frequency of the strain-gauge signal is less than 20H2.

By means of an oscilloscope, a signal generator is used

to indicate !o the subject when to contract and when to re-

lax. The oscilloscope displays a continuous square pulse

signal at 0.325H2' that is 6.5 pulses per 20 seconds, t¡ith a

4O% duty cycle. Other frequencies and duty cycles ranging

from 3 to 10 pulses per 20 seconds with duty ot 30% Eo 60otá

have also been tested. The consensus of the subjects was

that the chosen frequency and duty cycle was the most com-

fortable. The pulse magnítude used to specify the subject's

contraction leve1 Has set to 35% of the subject's maximum

strength. It was found that, for a leve1 of 70% oÊ more of

the subject's maximum strength, the muscle fatiqued rapidly;

and for a 50% 1evel, the subject had difficulty maintaining

a constant contraction for the required time duration.

Therefore, 35% nas chosen. This level produced a Iarge

enough EMG for reliable data acquisition, yet did not fa-

tique the muscle.

À strain-gauge device was designed to measure the force

produced by the nuscle. This device consists of strain-
gâuges arranged in a Wheatstone bridge, a lov-pass filter
and a low noise amplifier. Because the shortest time needed

to contract a muscle from one force level to another is usu-

ally longer than 100ms, which implies a signal bandwidth of

- 11 -



Iess than 10H2, the low-pass filter eas chosen to have a

cut-off frequency of 50H2. The arnplif ier output was con-

nected to the PDP-11/40 tor data-sampling and to the oscil-
loscope as feed-back for the subject.

on the oscilloscope, with proper triggering, the sub-

ject saw only two lines, line À and line B. Àssume that

line A and line B are controfled, respectively, by the sig-

nal generator and the strain-gauge amplifier. These ti{o

lines go either high or low, since both the strain-gauge and

the square pulse signals are very low frequency signals. To

produce a muscle contraction, when the subject saw Iine À go

high, he contracted his muscle to bring line g to match with

line À as quickly as possible; and when line À went Iow, he

reLaxed and waited for the next triaI. For the experimen!,

the subject was instructed to control tine B so that it
would not fluctuate about line À to any large degree. lf.

the fluctuation range was greater than 10% of the specified

contraction leve1, the data-fiLe was sinply discarded. The

purpose of doing these was to ensure that each trial of the

experiment was as repeatable and consistent as possible.

Surface electrodes made of siÌver were used to detect

the EMG. ÀIong nith a Ag-cl base jeII' the electrode system

proved reliable and capable of eLiminating motion artifact.
They were placed on the subject thirty minutes before the

experiment started to allow the impedance of the interface

between the electrodes and skin to stablize. In order to

-12-



decrease the effect of 60Hz interference from the power

1ine, electrodes were connected to the difference amplifier

via coaxial cable. occasionally, if the 60Hz interference

was too excessive, the subject was asked to hold an addi-

tional ground wire.

The instrumentation amplifier is a University of Mani-

toba design. It consists of a frequency adjustable band-

pass filter and an high gain amplifier with variable gain

control . The band-pass filter was adjusled to pass signals

in 5Hz to 500H2 range. The reason for this is again due Eo

the nature of the EMG power density spectrum. Further'

since the t/D convertor of the PDP-11/40 digitizes signals

within a t1v range, the amplifier gain vas set to 20'000,

sometimes 50,000 for some exceptionally sma).I EMG signals.

13



3.2 DÀTÀ ÀCOUISITION

Subjects were selected fron the typical university popula-

tion with ages ranging from 20-40 years. Three different

muscles ¡rere chosen for the experiment. They eere the biceps

brachii, lhe deltoid, and the rectus femoris. These muscles

are subcutaneous rnuscles whose EMG can be easily detected by

the surface electrodes. Since the biceps brachii is rela-

tively the easies! to control' it played a major role in
thi s thesis.

Three motions, as shown in figure 3.2, were selected to

generate the EMG data. These motions were supination for

the biceps brachii, arm-adduction for the deltoid and knee

extension for the rectus f ernoris, see figure 3.2.

For supination, the subject had to keep his arm verti-

cal to the ground and perpendicular to his fore-arm. when

performing the experiment, the subject rotated a metal bar

connected to t.he strain-gauge. For arm-adduction, again,

the subject had to keep his ar¡n vertical to the ground and

not to rotate his ar¡n when doing the experiment. A wire was

attached as close as possib).e to the subject's elbow joint

fron the strain-gauge. For knee extension, the subject sat

on a chair with his foot on a cylinder. This cylinder made

the knee extension easier to controL. The wire fron the

strain-gauge was attached to the subject's foot' slightly
above the ankle joint

- l+ -



- Supination with
biceps brachii

- Arm adduction v¡ith
deltoid

- I(rree extension with
rectus feflþris

Figure 3.23 three Motions Used in Acquiring Datâ

-15-



To begin data-acquisition, the subject was given a ver-

bãI start command. He then tracked the square-pulse signal

on the oscilloscope by contracting his muscle in order to

match the strain-gauge signal with the square-pulse signal.

The subject had to maintain the contraction for about one

second, each contraction being a tria1. Because of hardware

limitations, the compuler could only sample six consecutive

trials of data for a duration of 20 seconds each time. Af-

ter six trials which made up a data file, the subject would

stop and relax for 30 seconds after which time the whole

procedure would be rePeated.

Statistically speaking' a complete set of data from one

subject is called an ensemble. There are two different en-

sembles in t.his thesis. One contains 120 trials called a

small-ensemble while the other one contains 600 trials
calLed a big-ensemble. Statistically, the 120 trial-ensem-

ble gives reliable enough information on how the EMG be-

haves; the 600 trial-ensernble is used to verify the analysis

done with the 120 trial-ensemble. As wilL be seen in sub-

sequent chapters, the variance and autocorrelation curves

obtained from the 120 trial-ensembles behave in the same way

as those obtained from the 600 trial.-ensembles, the only

difference being that the 600 trial-ensembles give smoother

curves. Eight small-ensembles and three big-ensembles of

data were obtained from the biceps brachii, while-t$o small-

ensembles of data were obtained from the deltoid and two

-16-



smaIl-ensembles from the rectus femoris for comparison pur-

poses.

Duríng the data acquisition of the big-ensemble ' if the

subject felt that his nuscle was exhausted, he could relax

for tHo to three minutes to allos his muscle to recover.

Ouite often, the subject asked for this recovery period af-

ter 150-200 contractions.

Àfter the experiment, the data was transmitted to an-

other computer, MIcRO-11/23, for processing. Here, data was

first converted to integer form ranging from 0 !o 4096 in

vaLue. Àfter this conversion, all data nas screened on a

monitor to ensure that each file contained six trials of

data and that no errors occured during data transmission.

The data was then ready for further processing.

-17-



3.3 DÀTÀ-PROCESSIHG

computation related to the experimental data was divided

into two stages. The first stage, done in the l4ICRo-11/23

computer, calculated the variance and autocorrelation of the

experimental EMG data. The curve-fit of experimental vari-

ance and autocorrela!ion data by functions sho¡rn in equa-

tions 2.4, 2.7 and 2.8 was then accomplished on the Àmdahl

ma inf rame computer.

3.3.1 conputEtion ín MIcRo-11/23

After the data was converted to integer, it was submitted to

the processing steps outlined in figure 3.3. Each box rep-

resents a program. These programs are Iisted in Appen-

dix 8.1.

Program SoRT sorts each data file into two different

data fitesi one containing strain-gauge data' the other EMG

data. For the strain-gauge data files, the average mid-

point of an ense¡nble is first calculated in program MIDPoINT

by finding the average highest and the average lowest points

of each trial usinq the following expression:

mld-:Fõlãt = (h]e6ãst + Ñêãl) /2 (3.2)

- 18 -



MIDPOINT

r¡ith MSE<3% or 20%

Figure 3.3: Processing Scheme in MICRO-11/23
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The starting-point of each trial is located by detect-

ing the mid-point of the trial and going back d samples (see

figure 3.4). This is done in progratn STÀRTER. Obviously,

this starting-point is not the exact starting point where

the subject begins to contract the muscle; it represents a

standardized reference point for computation. The d samples

are also chosen to ensure tha! this starting-point is before

the exact start ing point.

Figure 3.4: Midpoint & Starting Point of a Strâin-gauge
SignaI

After the starting-poinb of each trial has been locât-

êd, the average strain-gauge signal of the entire ensemble

is computed by the program MINSG. This program utilizes the

following expression to calculate the ensemble mean strain-

gauge output ¡

1N
5õ'tnl= 

-N i=1

highest

mid-po i n t

d

-20-



where i is the trial number, N is

and n is the sample number. A

mean strain-gauge curve is shown

Àppendix C.1).

the total number of trials
typical calculated ensemble

in the figure 3.5(also see

2800

Time

Figure 3.5: A Typical Ensemble-Mean Strain-Gauge Signal

In order to ensure that dat.a chosen for later computa-

tion are consistent, the program VÀRSG computes the mean-

square-error of each trial by the following expression:

x 100% (3.4)

This criterion is used to determine which trial of data is

included in the conputation of EMG variance and autocorrela-

tion. If any trial has an error of 3% ertor oi less when

compared with the ensemble rnean of the strain-gauge' its
corresponding EMG data is selected.
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E
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Subject: SM
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The EMG data is first converted in program SCÀLE to a

real number within the range of !1V and is then subtracted

by the overall mean value in progran OSEMG.

The nonstationary EMG variance is then computed in the

prograrn MEMG by averaging across the ensemble'

(3.5)

This is an unbiased variance estimate, where i is the trial
number, N is the total number of trials and t is the Èime

instant at which the variance is estimated. SirnilarIy, the

program ÀCEMG computes the autocorrelation of the EMG using

the following expression.

'I

;2(r)= 
-N

N

i=1
e?(t)

I

1N
Ree(t,r)= 

î È., 
et(t) ei(t+r) (3.6)

where t is a reference point of time, r varies from +20 to

-20 msec and N is the total nunber of trials. The range of

É20 rnsec is chosen to reveal both the nain and side lobes of

the autocorrelation curve. Tvtenty to thirty different vaI-

ues of t's are used to compute the autocorrelation curves

for each ensemble. Some of the compuÈed ensemble mean vari-

ance and autocorrelation curves are shown in figure 3.6 and

3.7. Appendíx C.2 contains the complete set of curves.
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Besides the usual experirnental errors the variance and

autocorrelation functions exhibit statistical error due to

the finite number of samples used to estimate them. In the

case of the variance curve E}:.e 95% confidence interval is
shown in Figure 3.8 as a function of N bhe sample size. The

analysis is taken from Bendat[1971] and assumes that the

data is generated by a Gaussian process which is valid in

this situation. Às can be seen for N>100 the estimated var-

iance lies between 1.3 and 0.8 of the true value with a

probabi I i ty of 0.95.

Figure 3.8: ConfidêDce t¡ls¡val of the EMG variance
N - l,lo. of trials included in the

csnputation of the Þß variance
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À complete analysis of the statistical error in estima-

ting the autocorrelation is very complicated. Thus, an up-

per bound on the percent-mean-square-error was comput-

edlCooper, 1971] by using the following expression:

2t4
Percent-Mean-square Error ¡( 

-- N k=-M

where N is the total number of samples and Rx is the normal-

ized autocorrelation which was taken to be the Parker's au-

tocorrelation model conbined with the corresponding variance

function. The parameters of these functions were taken from

the results described in the next chapter- The computed up-

per-bound-error for each ensemble is listed in Table 3.1.

Theoretically, this error is monotonically decreasing when N

is increasing. Hovrever, the two percent-errors at N=76 de-

stroy the monotonicaity. This may be because data of these

two ensembles were obtained from other muscles, and they

have different estimates which consequentLy contribuÈe to

these deviated errors.

-26-



TÀBLE 3.1

Uppe r -Bound-Er ror of the Autocorrelation

n(t)=ée1(t) n(t)=óe2(t)

N Er r or (%) ør r or (%')

68
70
76
76
8l
87
88
98

100
104
111
115
383
437
494

8,2
8.0
0.2
9.5
7,3
6.8
6.1
5.2
5.0
4.8
4.3
4.0
8.5
7.9
5.8

18.2
18.0
20.5
19.7
17.3
1 6.8
16.1
15,2
1s.1
14 .8
'1 4.3
14.0
8.7
8.1
6.9
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3.3.2 Curve-fittino
The EMG variance and autocorrelation were curve-fitted by

the three functions mentioned in chapter 2.2, r¡hich are re-

peated beloç:

i. Variance functions:

ót r (t)=x [1-exp(-x1t) J,

óå, lt l=x [1-a lexp(-at)-¡rexp(-¡t) ]

ii. Àutocorrelation function:

R¡"(r)=c3r -!-l' ) -' )exp(-alzl ),
d' d- ct

(3.7)

(3.8)

(3.9)

where K1, A, B and a are parameters to be estimated. ÀII

programs that estirnated these parameters were written in Èhe

SÀS language. Two procedures were used in each program,

PROC NLIN and PROC GPLOT. PROC NLIN computed the best pa-

rameter for each function, and PROC GPLOT plotted the func-

tion and the corresponding curve.

Both of the variance functions were used to curve-fit

the EMG variance. The scaling factor K of these two func-

tions was taken to be the amplitude of the EMG variance at

steady staÈe. Program CFIT is written for function 3.7 and

program DFIT for function 3.8.

One restriction when using function 3.8 is that con-

stants Al and Bt have to be related !o parameter À and B so
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that the

Thus, À I

first derivative of function 3.8 is zero

and Br can be expressed as follow:

when t=0.

A1

Br

B

À-B

-À

À-B

(3.10)

(3.11)

By combining function 3.9 Ì¡ith either function 3.7 or

function 3.8, the following equation (equation 3.12) is used

to curve-fit lhe experimentally obtained autocorrelation

curves. These curve-fitting !asks are done by programs

EDPARK and PÀRK2.

Ree(7) = óe(t) óe(r+t) nsr(r), (3.12)

where óe(t) is either óer(t) or óez(t). Finally, program

PFIT curve-fits func!ion 3.9 alone to the autocorrelation

curves for comparison purpose.
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4.1

Chapter IV

DI SCUSSION ÀND ÀPPLICÀTION

EXPERIMENTÀL RESI'LTS ÀND DISCUSSION

As previously mentioned, fifteen data ensembles were

obÈained, eight small-ensembles from the biceps brachii, two

small-ensembles from each of the rectus femoris and the del-

toid, and three big-ensembtes from the biceps brachii. rn

order to ensure that the data chosen from an ensemble was as

consistent as possib).e, a mean-square-error threshold of 3%

was used. If the error of a strain-gauge signal, when com-

pared with Èhe en semble -ave rage of strain-gauge signal' was

below this threshold, the corresponding EMG signal was se-

Lected for the conputation of variance and autocorrelation

curves. However, since it is more difficult to control the

rectus femoris and the deltoid ¡nuscles, the error lhreshold

for these two muscles sas raised to 20% Eo allow the use of

more data. Às a resuft, the variance and autocorrelation

curves for these muscles show more flucbuation which conseq-

uently produces more error in the curve-fitted variances.

When curve-fitting the EMG variance vith the variance

function (2.7 and 2.8), there are parameters to b€ estimated

in each function, parameter ttr in óå, and parameters À and B
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in óår. These parameters are listed in tabre 4.1, t{ith the

corresponding errors listed in table 4.2.

Table 4.1 shows that function óår(t) performs better

than function óå,(t), for it has relatively smaller error

when curve-fitting the EMG variance. Function óã, has l-ess

than 6.5% error rrhile function óår has less than 8% error.

One fact.or to account for this is lhat function ó3r cannol

properly curve-fit the Loner part of the EMG variance while

function óå, f,us an extra exponential term to overcome this
problem. Table 4.1 also shows that both functions give bet-

ter fits to the big-ensemble variance than they do to the

small-ensemble ones; this is obviously because the larger

ensembles produce a smoother EMG variance estimate. Results

of curve-fitted EMG variance are shown in figure 4.1 and Ap-

pendix C.3.

For a given EMG e(t), the autocorrelation has been de-

rived in equatíon 2.2, which states that:

Ree(t+ 7)=¡ (¡+r)n (t)n*r(r),

where n(t) is either óe.r (t) ot

estinated parameters ¡or óå.' (t)

tion is used to curve-fit the

correlations.

óez(t). using the previously

and óår(t), the above equa-

exper imentally obtained auto-
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Errors or rhe r.,. r:::::rl"t", óå,to ana óå,(t)

SMÀLL-ENS EMBLE

ó3,trl óå,ttl
Subj ec t N Er ror (%) error (%)

SM
ÀG
RK
XG
WG

BL
VN
KN

F-BL
Ð-BL
D-KN
F-KN

87
115
104

68
88

111
70
98

76
76

100
81

3.88
4.80
2.90
s.30
1.16
4.90
3.20
3.10

7 .87
5.52
3.24
2.86

3.87
3.90
2 .60
4. 10
0.78
3.40
2,23
2.60

6.33
4 .07
2.73
2 .60

BIG-ENSEMBLE

JJH
ÀÀG
KKN

383
494
437

3.0s
2.88
1.18

1 .87
1 .92
0.67

Notes:

(i). N-number of trial selected for
calculating the EMG variance.

(ii). r-data obtained from the rectus
femoris muscle.

(iii). B-data obtained from the dettoid
musc le .
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TÀBLE 4.2

Estimated K1¡ À & B, and the Calculated Starting-point

SMÀLL -ENSEMBLE

óå,ltl óå.ttl

Subj ec t
start ing
Point Kr

Starting
Point À B

SM
AG
RK
XG
WG

BL
Vl'l
KN

F-BL
D- BL
D-KN
F -KN

0. 01 281
0.08389
0.02541
0.04890
0.06718
0.02651
0. 1 0551
0.18014

0.01972
0. 01 s9s
0.02852
0 .027 44

27
61
74
49
60
63
65
50

38
35
71
21

27 0.55885 0.01317
56 0.20175 0.20434
70 0.05373 0.05227
47 0.09426 0.09415
55 0.11230 0.11229
43 0.03903 0.03827
65 0.21243 0.21887
49 0.30848 0.33314

0.0391 1 0.04086
0.03167 0.03389
0.03862 0.03860
0.06599 0.03722

38
25
49
10

BI G-ENSEMBLE

JJH
ÀÀG
KKN

10 0,01427
103 0.12341
47 0.05083

10 0.03179 0.03136
99 0. 10875 0. 10963
37 0.04262 0.07524

Note s :

(i). r¡e starting-point is only a relative point for
calculat ion and comparison convenience.

(ii). Kr, À and B are estimated parameters.
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When this autocorrelation function (4.1) is used to

curve-fit the experimental autocorrelations' only the param-

eter a of RÍH (2.4) needs to be estimated. It has been found

that this parameter does not vary greatly for the set of au-

tocorrelations of an ensemble. The set of c's $as averaged.

This averaged ct for each ensemble is listed in Table 4.3

where errors of curve-fitting the autocorrelation curves

e¡ith n(t)=óer (t) and the errors with n(t)=óez(t) are tabu-

Iated. Both variance functions give essentially the sane

error which ranges from 4% Lo 27%. Most of these errors are

due to the fluctuation that occurs before and afler hhe

main-Iobe of the experimentally obtained autocorrèlations.

curve-fitted results are shonn in figure 4.2 and Àppendix

c.4.

Àtl of the curve-filting done above is based on Krei-

feldt's postulation which says that the EMG signal e(t) can

be considered to be an amplitude modulated signal. By

curve-fitting lhe experimentally obtained EMG variances and

autocorrelations, it has been shown that the heurisLically

chosen variance functions, óå, una óår, and autocorrelation

function, Rr'$, performed quite satisfactorily in describing

the EMG autocorrelation. Consequently, the experimental

data supports the postulate that the EMG signal can be mod-

elled as an ampLit.ude modulated signal.
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TÀBLE 4.3

En semble -Ave rage of Parameter a of Ree and Its Error

:

SMÀLL -ENSEMBLE

n(t)=ôer(t) n(t)=ôer(t)
d Error

Subject (%)
d Error

(%)

sM 0. 71 561 16.7 6
Àc 1.53717 22.07
RK I .36812 19.33
xc 1.02436 21 .26
wc 1 .20796 22.03
BL 1.23108 18.68
vN 1.20314 26.60
KN 1 . 19102 21 .18

F-BL 0. 50625 13. 16
D-BL 0.54908 13.88
Ð-KN 0.95809 14.07
F-KN 0.73305 17 .38

0.71007 15.71
1 .53477 25.39
1 .46004 19.60
1.02731 21 .62
1 .27619 28.41
1 .27 432 20.34
1.21400 26.19
1 .25583 20.59

0
0
0
0

48734 1 1 .86
53675 16.40
92723 12.38
72932 17.27

BI G-ENSEMBLE

9.97
4.23
9. 01

JJH
ÀAG
KKN

0. 5571 3
0.82924
0. 5991 5

0.54167 5.20
0.82192 4.91
0.57151 11.75
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4.2 EIiIG VÀRIÀNCE ESTIIIIÀT]ON

Up to now the estimates have been derived from the ensemble.

Practically, the EMG variance has to be estimated from a

single trial of datai therefore' two estimation schemes are

evaluated here, they are the Midpoint Moving Average Estima-

tion and the honomorphic filter.

4.2.1 !{Ídooint Movinq Àveraoe Estination (l'0.fÀE )

rhis algorithm ultilizes a rgindow of constant weight where

the variance is estimated at the midpoint. By moving this

window point-by-point, squaring and averaging the EMG data

within the window, an EMG variance estimate is obtained.

The only parameter to be chosen is the window length. It
has been found that the best estimate can be obtained by us-

ing approximately one-ha1f of the fastest rise time of the

time varying variance as the window length[xiong' 1985].

The progran used for this processor is Iisted in Àppendix

8.1.11. These estimated results nere compared Hith the en-

sembLe-average of the EMG variance. The error ranged f rotn

2.5% to 105%. Out of 600 trials, 324 tría1s had less than

20% errot, and 412 trials less than 30% error. À typical

result of the MMÀE is shown in figure 4.3.
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Figure 4.3: Àn Estimate Variance of the MMÀE

4.2.2 Hononorp¡ic Eil'!Ê!
Ànother possible processing algorithm

EMG variance is a homomorpohic filter.
shown in f igure 4.4.

used !o estinate the

Its block diagram is

Subject: ÀAG

Muscle: Bicep

- to obtain ti¡ne
nultiply by 2.

EXPONENTI AL
PROCES SOR

WI ENER
F I LTER

Figure 4.4: BIock Diagran of the Homomorphic FiIter
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The square-processor squares the values of the EMG

e(t), and the Iog-processor converts the multiplicative

characteristic of e2(t) to additive, i.e.

1n [e2 (t ) ] =ln In2 (t)w2 (t) ]

e,(t)=n,(t)+w,(r),

so that a Wiener filter can be used

The design of this Wiener filter is

À. Its transfer function r¡(s) is:

(4.1)

to est imate the n'(t).
i llustrated in Àppend i x

Ka
H(s)=Ks + 

-

S+W s

(4.2)

By taking the inverse Laplace transformation, one obtains

the impulse response of the Wiener filter, which is

h(r) =K36(r )+K4exp(-wsr ) . (4.3)

Program wIENER' which is l-isted in Àppendix 8.1.12 1

compubed the variance n2(t) with e(t) as the input. Program

wIENEE compared the estimated variance with the ensemble-av-

erage of the EMG variance. The error of these estimated

variances ranges from 3.42% Eo 15?.22%. Out of 600 trials'

112 triais have less than 30% error and 56 trials have less

than 20% error.
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Chapter v

CONCLUSION

The primary objective of this thesis was to investigate the

dynamics of the EMG signal characÈeristics. This was accom-

plished by asking subjects perform a two leve1 !racking

study with the EMG variance and autocorrelation function

computed from the resultant ensemble.

Conparison of the experimentally obtained autocorrela-

tion function with that derived from an amplitude modulated

model of EMG signal generation shows good agreement; the

mean-square-errors range from 4.2% to 26.6%. Thus the ex-

perimental s!udy supports the model of signa1 generation.

Further the study shows that Èhe autocorrelation function

does not change in forn nor does the parameter d change to

any great extent as the EMG signal characteristics evolve

v¡ith time, i.e., as the subjecÈ muscle goes from a relaxed

state to a contracted staÈe. Therefore, the signals' power

density spectrum does not change in f orm, on).y the power

Ieve1 increases as shown by the increasing variance. Though

the experimenÈ considered only a step change in target 1ev-

eI, this could be considered to be an extreme case of muscle

contraction and therefore the general conclusioris Èhat the

signal generation is well modelled as an amplitude modulated

THE UNIVERSITY OF MANITOBA LIBRARIES
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process and that the power density spectrum does not change

in shape should apply to the more general case.

In practical application to prosthetic control the var-

iance needs to be estimated from a single mernber of the en-

semble. Two estimation schemes, the Midpoint Moving Average

Estinator and the homomorphic filter were evaluated. The

experimentally determined ensemble averages were taken as

the true time varying variance. Results were mixed; out of

600 trials the ltr'{AE had 324 estinates with error of less

than 20% while the homomorphic filter had only 56 estimates.

The poorer performance of the homomorphic filter can be

partly explained in that a rnodel for the signal and noise

power densily spectrum at the log processor's output was not

available. These spectra, necessary for the Wiener filter
design, r¡ere chosen to be simply low pass processes. How-

ever, given the derivation of the wiener filter it is not

felt that even with better spectra models the homomorphic

fiLter would improve on the variance estimate.

With regard to future research there are several av-

enues ¡rhich may be explored. Different skeLetal muscles may

be investigated. In general though Ít would be expected

that the findings of this research would ho1d, only the mod-

e1 parameters would change. The present study was confined

to isometric studiesi an obvious research extensi-on would be

to consider EMG signal generation under non-isometric con-

traction. Finally although effort was made during the ex-
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periment to ensure that each EMG ensemble member was pro-

duced under the same conditions, the results of the single

trial estinates show a wide range in error suggesting that

conditions did change. This change may be caused by the un-

expected rnovenents of the subject during data acquisition.

Therefore, the experimentaly paradigm should be further in-

vest i gated.
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Àppendix À

WIENER FI LTER

The derivation here is based on the reference lvan Tree,

19681 . First, consider the fotlowing EMG signal e'(t).

e,(t)=n,(r)+n,(t),

where e'(t) is the EMG signal that has been passed through a

sgua re-proc e s sor and a log-processor, n'(t) is the signal to

be estimated and w'(t) is the noise. The following diagram

shows the block diagram of a Wiener filter which is used to

estimate the n'(t).

where î'(t) is the estimate of n'(l). The transfer func-

tions, hw(t) and h'(t), depend on the spectraL properties of

n'(t) and w'(t).. Therefore, assume that snn(ar) and Sww(n)

are the power spectra of n'(t) and w'(t) respectively. Pre-

vious study has shown that the pol,rer spectrum of _w'(t) can

be expressed as follows Iscott, 1967) and Ishwedyk, 19731:
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K2
Sww(ru)= 

-------(1+ u2/ ç1frl

(À.1)

where ø*=2)f(100H2). AIso, since the n'(t) is a low frequency

signat, its poner speclrum can be assumed to be the fo1low-

ing:

K1
(À.2)S¡¡(at)=

(1+ u2/ azn)

where r¿n=27f (2OHz). Thus, the spectrum See(úr) is given by

S¿s(ür) =Snn(tr) +sww(t ) +SnH(ûr)+Srn(r),

where. Snw(ø) and Swn(úr) are only constants. They are neg-

Iected in subseguent derivation because they do not affect

the design of the syst.em response. Therefore'

See ( 0) =snn(ür) +sww (u),

Kl K2

¡

i By spectral factorization' this can be rewritten as

s6s(ø)=tc.( jø) I tc- ( jø)l*

(1+ uz/rz¡ (1+ r,:2/alnl

Kt+K2+ u2 (Kt/uh+K2/u2ì 
. _, (À.3)

(1+u2/¡,fl¡ (1+u2/afr)

: (À.5)

6+ joL
lc'(jo)l = 

--:--------- 

- - , (À.6)- ( 1+jø/u¡) (1+ju/unl
whe re
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K-J Ltc'(jar)l=ffi, (4.7)

. K = (x,*lt.)?,

and tt
¡ = (yr/cofu+x2/uf,)'2

since the transfer function u*( jc'r) of the wiener filter is

def ined as:

Hw(jø)=

There f ore ,

H¡¡( jar) =

1

-l

lc. ( jr¿) i

(1+ju/u¡) (1+ja/r'al
(À.8)

(K+júrL)

Further, for the transfer function h'(t), we have to consid-

er the cross-correlation Ss¡(o) which is:

Ss¡(ø ) =S¡¡( at) +swn( ø'),

=Snn ( or) ,

Kr
{À.10)

(1+ ø2 /a2n)

The previous block diagram shows that

s¡2 ( jo)=s¿¡(ø) H;( jr,r),
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Sen(u)

tc. ( jr)l* '

Thus, Kt(1- ja/ø¡) (1- ju/r't¡l

(À.11 )

(À.12)

(À.13 )

Snz(jo)=
(1+ a¿ / r;l2n) ( r- jør, )

xr( 1- jr't/un)

where
K 1(1- j@/añl

À= 

-,

( x- jør, )

with ø=jøn, i! becomes

K r ( 1+r.¡/c,rr)
(À.14)

and similarly'
K+ønL

K r ( 1-K,/(L ah) )
B= (À. 15 )i (1+K/&ú\1, I

:

:

j Because the second term of equation À.13 has a pole on the
j-

: . R.H.P., it has to be discarded in order to make the filter
ì

, stable. Thus, we define

( 1+ja/ø¡) (x-¡øt')

By partial fraction, He obtain

ÀB
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À
lsnz(jc¿)r.= G**/^,

and this is also the transfer function of H'(jø). Therefore,

À
H,( jo)= 

fu.,"/,"^, 
(À.16)

Hence, the overall transfer function of the Wiener filter

can be defined as follow:

u( jø)= Hr{( jr.r)H'( júr). (À.17)

Substitute equations 4.8 and À.16 into À.17, we obtain

A(1+iø/tt^)
H(jø)= 

-,

K+ j úrL

Iet s= jø,
¡ ( 1 +s,/c¡n)

H(s)=
K+SL

À A( 1-K/Lt\n)
+ 

-.

, ¡,(3+x/Ll

Identify
'It

ä¡= 
- 

t
L

À ( 1-Kl( L r,h) )

K¡=+,
L
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and K
Qs= 

- 
,

L

therefore, Èhe transf er

comes,

or

which

function of the Wiener f ilt,er be-

e(t)

Ka
H(s)= Ks+

( s+ øs )

h(t)= K36(t)+ K¡exp(- @st], , (À.18)

is illustrated in the following block diagram:

1'(t)

h(r)

Figure À.1: wiener Filter

Kaexp(-c,r5t )
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Àppentlix B

COMPITTER PROGRÀI,Í

8.1 PROGRÀ}{S USED IN MICRO 11,/23

8.1 .1 Proqram SORT. FTN

1. PROGRÀM SORî
2. CHÀRÀCTER*6 FNAME
3. CHARÀCTER*8 EMFI LE, SGF I LE
4. PÀRÀMETER (FNÀME=,K2',SGFILE=.KSG3.¡EMFtLE=IKEM3',
5. c LÀST= 50 0 0 )
6. TNTEGER*2 sG(LÀsT),EMG(LÀsT)
7. oPEN (UNtT=3,FTLE=FNÀME,REÀDoNLY,STÀTUS=.OLD,,8LÀNK='ZERO')
L REÀD( 3, 10 ) (sG(I),EMc(I),I=1,LÀsr)
9. 10 FoRr'rÀT(8(2r{))10. cr,osE (uNrr=3,DrsposE=rßEEpr)

11. oPEN (UNIT=4,NÀME=sGF¡LE,STÀTuS='NE!¡I,BLÀNK=IZEROI,
12. c BLocKsIzE= 2)
13. r.rRr rE ( 4,20 ) (sc(¡),r=1,LÀsr)
'14. 20 FoRJ'tÀT(x,16¡4)
15, cLosE (uNrr=4,DrsposE='REEp')
16. oPEN (UN¡T=1,NÀME=EMF¡LE,STÀTUS='NEI.I',BLÀNK=IZEROI,
1?, C BLOCKSIZE=42)
18. $R!TE(1,30) (EMG(I),I=1,LÀsr)
19.30 FoRlrÀT(x,1614)
20. cLosE ( uNr r= t . DI sposÞ= ' ßEEp' )
21, STOP
22, END

l
l
i

!
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8.1 .2 Proqram MIDPOINT.FTN

I. CHÀRÀCTER*8 FNÀME ( 1OO)
2. INTEGER*2 COUNTl,COUNT2,COUNT3,I,X(5OOO},SÀMPLE,MID
3. PÀRÀMETER ( NF I LE= 50, LÀsr= 50 00, SÀMPLE= 2 0 )
4. REÀL*{ SUM,MÀx(NFtLE),zERo(NFILE),MÀxl,zERol,DUM
5. DATA ¡4^x1/o.o/ ,zERo1/0.0/ ,AÀK/NFILE',0 .0 / , zERo/NF r LEr 5000.0,/
6, *
7. FNÀME(I)='KSGI'
B. c To
9, FNÀME ( s0 ) ='KSG50'

10. r
1f. DO 50 COUNT1=1'NFILE
12. oPEN (UNTT=3,FTLE=FNÀME(COUNTl),STÀTUS='OLD')
13. REÀD (3,10) (x(I),t=l,LÀsT)
14, 10 FORMÀT (X,1614)
15, closE (UNIT=3,DtsPosE='ttEEP')
16. *
17. DO 40 COUNTz= 1 ,200
18. sU =0.019. r= (COUNT2-I ) 'SÀHPLE
20 . DO 20 CoUNT3= 1 , SÀMPLE
21 . 20 SUlr=SUrM+X(t+COUNT3),/SÀMPLE
22. tF (stn{ .LT. MÀx(couNTl)} Go ro 30
23. HÀI{(COUNTI)=SUM
24. 30 rF (SUM .GT. ZERO(COUNTI)) GO TO 40
25, ZERO ( COUNI f ) =SI'n'r
26.40 CONTI NUE
21 . 50 CONTI NUE
28, *
29. Do 60 coUNT3=l'NF¡tE
30. HAX 1=MÀX f +MÀX ( COUNT3 ),/( NF I LE )

31. zERO.t = z ERO 1 + zERO ( COUNT3 ) /( NF¡ LE )

32. 60 CONT¡NUE
33, *
34. DU¡r=((HÀX1-ZERO1)'0.5)+ZEROl
35. HTD=T INT(DI,'M)
36, *
37. OPEN (UNIT=3,NÀME=,KMPONT',STÀTUS='NEW')
38. t¡RITE(3,70) (zERo(¡ ),MÀx(¡ ),I=1,NFILE)
39. ?0 FORÌ'ßT ( 5X , F 7 . 2 , 5X , F 7 . 2 )
40, HRtrE(3,80) MtD
41. 80 FoRHàT (X,ITHE ÀVERÀGE MIDPOINT IS,,I6)
42. CLOSE (UN¡T=3,DISPOSE='KEEP')
43. STOP
44. END
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8.1 .3 ProOTaM STÀRTER.FTN

I. PÀRÀMETER (NFtLE=50,LÀST=50OO,MtDDLS=154?,DISTÀN=1200)
2. CHÀRÀCîERT8 FNÀHE ( NFI LE }
3. tNTEGERi2COUNît,SG(LÀST),t,NSÀM,DUM,BÀCK,
4, C STÀRT(600),À
5. DÀTÀ NSÀM/o,/, DUM/o/,8^cK/100/
6,. r
7, FNÀME(I)='KSGl'
8. c TO
9. FNÀME(50)='ßSG50'

10. r
1'l . DO 200 coUNTl=1,NFlLE
12. r
ll: opEN (UNrT=2,NÀME=FNÀME(couNTl),srÀrus='oLD')
1¡. REÀD (2,210) (SG(¡),r=1'LÀSr)
15.210 FORUÀT (X,16t4)
16. CLOSE (UNlr=2,DtSPOSE='KEEP')
1?, *
18. I=0
19.220 r=t+10
20. rF ((r) .GE. LÀST) GO rO 200
21 . IF (SG(I) .LT. MIDDLE) GO TO 220
22, I=t-11
23.230 r=r+1
24, tP (SG(T) .LT' H¡DDLE) GO TO 230
25. NSÀH=NSÀM+ I
26. DUÌ{=DU|H+ I
27. À=I -BÀCK
28. ¡ =I +DI STÀN
29. STÀRT ( DuÌ4 ) =À
30. GO TO 220
31, 2OO CONT¡NUE
32. *
i¡. opEN (uNIT=3,NÀME='KSTÀRTER',srÀTus='NEH')
34. HRrrE(3,281) (SrÀRT(I ),I=1,DUM)
35.281 FORMÀT ( X,3I8 )
36. CLOSE (UNIT=3,D]SPOSE='KEEP'}
37, STOP
38. END
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8.1 ..(t Proqram MINSG.FTN

,I . PROGRÀM HI NSG
2, PÀRÀHETER (NFILE=A0,LÀST=5OOO,NUH=600,NSÀM=3,JUMP=20)
3. cHÀRÀcrER*8 FNÀME(NFtLE)
4. INTEGER*2 COUNT1,COUNT2,COUNT3,SG(LÀST),I,NI,J}'1,
5. C Z, STÀRT(600 ),ÀvE(Nt l.f ),couNT4
6, I NTEGER* 4 SUM(NuM)
7, REÀL Y

B. DÀrÀ NLIH 1,/0,/, ÀvE/NUti' 0/ ,su\/ñu[,o/
9. *
O. FNÀME(1)='RSG1'
1. C TO
2. FNÀME( {0 ) ='KSG40'
3. *
4. opEN (uNrr=3,NÀME='KSTÀRTER',srÀTus='oLD')
5. REÀD(3.r) ( STÀRT ( I ) , I = I , NSÀM*NPI LE )

i 81 FORHÀT( X, 3¡ I )
cLosE (UNIT=3,D¡sPosE='KEEP' l

DO 270 COUNT=1,NFILE

28,
29.
30.
31.
32.
33.
34.
35.
36.

38,

40.
41.
42,
43.
44.
45,
46,
41 ,
48,
{9.

OPEN (UNtT=2, F¡ LE=FNÀME ( COUNT ), STÀTUS=, OLD' )
REÀD( 2,280 ) (sc( ¡ ), t =1.LÀsr)

280 FOR],|ÀT ( X, 1 6t 4 )

CLoSE (UNIl=2,DI SPOSE=. KEEP. )

Do 240 couNl2=1,NsÀH
t =STÀRT ( ( coUNT- 1 ) *NsÀH+couNT2 ) - 1 +NUD.r+JUl.lP

tF (t.GT.LÀsr .oR, ¡.LT'0) Go ro 240
I = I -NUl'l
NuHl=Nt,l.ll+I
Do 250 couNT3=1,NttM

sur.r(couNT3)=stM(couNT3)+sG(¡+couNî3 )

250 CONTI NUE
240 CONTINUE
270 CONTI NUE

DO 290 COUNT{.I,NuH
r=SUlH (COUNT4 ),/NUMI
z=I INr(Y)
ÀvE(couNT4 ) =z290 CONTI NUE

OPEN (UNIT=2,NÀME= I KMINSG 

" 
STÀTUS=' NEI.I' )

r.¡RITE(2, 250) (ÀvE( ¡ ), I =l,NUM)
260 FoÐ'rÀT(x, 1 6¡ 4 )

cÀLL PLoT(ÀVE, NUM,2)
closE (uNrr=2,D¡ sPosE=' KEEP' )

s10P
END

I

I
I
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10.
r1. c
12,
13. r

B.1.5 Proqram VARSG.FTN

I. PROGRÀM VÀRSG
2. PÀRÀMETER (NFILE=40,LÀST=5OOO,NSÀM=3,JUMP'50'NUH=1OO)
3. INTEGERT2STÀRT(6OO),COUNT1,COUNT2,COUNT3,
4. C SG(LÀST),MEÀN(NU},T)
5. REÀLT4 SUH, PRO, DELTÀ, DUM, DDUM, NOR.¡''

6, REÀLiA VÀR ( 600 )

?. CHÀRÀCÎER*8 FNÀME ( 2OO }
8. DÀTÀvÀR,/6OO*-99.0/,NOPJl/o.0/

FNÀME( 1) ='KSGl'
TO

['NÀME ( 40 ) ='KSG40'

14. OPEN (UN¡T=2,FILE='KMINSG"STÀTUS=.OLD')
15. REÀD(2,901) (HEÀN(r ),¡=l,NUH)
16. 90 1 FORMÀT ( X, 1614 )
1?. CLOSE (UNrr=2,DtSPOSE='KEeP',)
18. *
19. DO 940 COUNTI=JIHP,NUI'I
20. DUM=MEÀN ( COUNT1 )

DDIJM= ( Dt'},I,/ ( NIJU-JIjMP ) } T DUM
NORI.{=NORJ,I+DDt'}'

940 CONTI NUE
NOR}¿=SQRT ( NORü )

OPEN (UNI T=2, Ft LE=. KSTÀRTER.' STÀTUS= I OLD' )

REÀD(2, *) (STÀRT(r ), I=l,NFrLErNSÀU)
CLOSE (UNTT=2,DISPOSE='8EEP' )

DO 910 COUNTI=1,NF¡LE
opEN ( uNr T= 2, F I LE=FNÀME ( COUNTI ) , STÀTUS= ' OLD' )

REÀD(2,91f) (SG( I ), ¡ =1, LÀSr)
911 PORÌ,ÀT(X,16t4)

CLOSE (UNIT-2,D¡SPOSE-. KEEP' )

DO 920 COUNT2=l 
'NSÀMSUH=0.0

r 1 = (couNTl -'l ) *NSÀM+COUNTz
I=STÀRT(I1)-I+JUMP
tF ((r+NuM),GT.LÀST .OR. r'LT.0) GO TO 920
DO 930 CoUNT3=JLHP, NIJM

DELTÀ= ( MEÂN ( COUNT3 } -SG (T +COUNT3 ) )

PRO= (DELTÀ,/( NUH-JUHP ) )TDELTÀ
SU =SUrM+pRO

930 CONTINUE
vÀR ( r 1 ) = (sQRr( SUH)/Noru'r)' 1 00. 0

920 CONTI NUE

:t o coNrr NUE

50. OPEN (UNtT=2,NÀHE=IKVÀRSG"STATUS='NE9¡')
51. HRITE(2,*) (VÀR(r ),¡=1,NSÀMTNFILE)
32. wRrrE(2,921)
53.921 FOR}ßT(x,'The abovê dðta are Root-Hean-Square-Error ',
5{. c 'vith unit of U ')
55. CLOSE (UNtT=2,DISPOSE='KEEP,)
55. sroP
57. END
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8.1.6 Proqran SCÀLE.FTN

I. PROGRÀM SCÀLE
2. cHÀRÀcrERr9 oul( 100)
3. CHÀRÀCTER'8 EHF¡LE( 1OO)
4. PÀRÀMETER ( LÀST= 5O OO, NF I LE= 5O )
5. ¡NTEGERi2 COUNÎl,COUNT2,EMG(LÀST)
6. REÀLr4 sEMc ( LÀsr )

8. EMFTLE( 1 ) ='ÀÀEMl '
9. TO

ro. EMFr LE ( 100)='ÀÀEM100'
't1. c
12. OUT(1)='ÀÀ51',
13. TO
1a. ouT(100)='ÀÀs100'
15. C
16. DO 400 COUNT1=l,NFILE
1?. opEN(uNIT=3,FILE=EMFtLE(couNTl),sÎÀTus='oLD')
19, REÀD( 3,4.t 0 ) (EMc (J ) ,J= 1 , LÀsr)
19.410 FoR¡{ÀT (x,1614)
20, CLOSE (UN¡T=3,DISpOSE='delete')
21 . DO 420 COUNÎ2=1,LÀST
22. SEMG(COUNT2)=(EMC(COUNî2),/4096.0)*2.0-1.0
23. 420 CONTI NUE
24. OPEN (UN¡T=3,NÀME=OUT(COUNTl),STÀTUS=,NEH')
25. WRr rE ( 3,430 ) (SEMG(J),J=1,LÀST,1)
26.430 FORMÀî(5E15.7)
21 . cLosE (uN¡T=3,DIsPosE='KEEP')
28. 4OO CONTINUE
29. STOP
30. END



8.1.7 Prooran oSEMG. FTt{

1. PROGRÀM OSEMG
2. PÀRÀMETER ( NF t LE- 5O , LÀST=5OOO }
3. ¡NTEGER*2 COUNT,I , COUNT2
4, REÀL.{ MEÀN, EMc (LÀsr)
5. o¡r¡ ¡re¡H/0. o,/
6. CHÀRÀCTER*9 EMF¡LE( 50),OUÎ( 50 )
7. C
8. EMFI LE ( 1) ='KKSEM1'
9. To

10. EMF¡ LE ( 5O } ='KKSEHsO'
11. C
12. OUT( l ).'KKOEM.| '
13. TO
14. OUl ( 50 ) = ' Kt(oEMso '
15. C
16, DO 520 COUNTI=1,NF¡LE
1'7, OpÐN ( UN r T= 4, Fr LE=EMF T LE ( COUNT l ),STÀTUS=,OLD')
18, REÀD( 4,500 ) (EMG(I),¡=1,LÀsr)
r 9. 5oo FoRÌ'ßr( 5E1 5. ? )
20 . closE ( UNI T=4 , DI sPosÞ= ' KEEP' )
21 . *
22. DO 510 COUNT2= 1,LÀST
2 3. 5I0 MEÀN=MEÀN+EMG ( COI,NT2 )

24, 520 CONTT NUE
25. MEÀN=MEÀN/( NT'I LE*TÀS1)
26. .
27. oPEN (UNIT=4,NÀME='OSEMG',STÀTUS='NEI{.)
28. HRtrE({,530) HEÀñ
29,530 FORHÀT ( X, E15.7 )
30. cLosE(uNrr={,DtsPosE.'KEEP')
31. *
32. DO 540 CoUNTI=l,NFlLE
33. OPEN(UNrT=4,FILE=EMFTLE(COUNTl),STÀTUS='OLD')
34, REÀD({,S50) (EMG(r),r=f,LÀsr)
35,550 FORr4Àr ( 5E15.7 )
36. CLOSE(UNIT=4,DISPOSE=.DELETE'}
37. r
38. DO 560 COUNT3"I,LÀST
39. 560 EMG(COUNT3)=EMG(COUNT3)-MEÀN
40. r
41. OPEN (UN¡T='I , NÀME=OUî( COUNT1 },STÀTUS='NEH')
42. wRrrE(1,5?0) (EMG(r ),r=1,LÀST)
43. 570 FORHÀT( 5E15,7 )
44. CLOSE (UNIT=l,DISPOSE='KEEP.)
45. 540 CONTINUE
{ 5. STOP
41 . END
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8.1 .8 Proqram MEMG. Ffll

1. PÀRÀMETER (NFTLE=4O,LENGTH=5OO,JUMP=50,RÀTtO=20.0,
2. C LÀST= 5000 )
3. tNTEGERT2 COUNT1 ,STÀRT(600) '4. C couNT2, couNT4 , M, I , I2
5. REÀL*4 EMG(LÀST),MEMG(LENGTH),2,22,VÀR,VÀRSG(120},
6. C PMEMG ( LENGTH }
1. CHÀRÀCTER*g FNÀME( l OO }'8. DÀÎÀ MEMG,/LENGÎH. o ,o/ ,H/o/
9. .

'0. 
OPEN(UNtT=2,FILE='I(STÀRTER"STÀTUS='OLD')

1I. REÀD(2,i) (STÀRT(I),I=1,NF¡LE*3}
12. CLOSE (UN¡T=2,DISPOSE='XEEP.)
13. *
14. FNÀHE( 1 ). ' KOEMI '
15. C TO
,I 6. FNÀME (40 } "'KOEM4O'17, t
18. OPEN (UNIT=3,FILE=IKVÀRSG"STÀTUS='OLD')
.t 9. REÀD(3,r) (VÀRSG(¡),¡=1,NFrLEi3)
20. CLOSE (UNIT=3,DISPOSE='KEEP'}
21 . *
22, DO 640 COUNT1=l,NFILE
23, OPEN ( UNr T= 2, Fr LE=FNÀHE ( CoUNT t ),STÀÎUS='OLD')
24. REÀD(2,*) ( EMG ( t ) , r = 1 , LÀST )

25. CLOSE (UNIT=2,DtSPOSE='KEEP')
26. t
27 . Do 650 couNT2=1,3
28. I2=COUNT2+(COUNTI -l ) *3
29, I =STÀRT ( I2 } - 1+JUMP
30, z=vÀRsc( r 2 )
31. IF ((Z .LE. RÀTIO) ,ÀND. (Z.GE.O'O)} THEN
32. M=H+ l
33. DO 670 COUNT{=I,LENGTH
34. Z2=EMG(!+COUNT4)
35.670 MEMG(COUNTA)=HEMG(COUNT4)+22*22
36. END ¡F
37, 650 CONTTNUE
38. 640 CONTINUE
39, 't40. DO 522 COUNT1=1,LENGTH
41. 622 MEMG(COUNî1)=MEHG(COUNTl),/H
42. I
43. OPEN (UNIT=4,NÀME=.KMEMG.'STÀTUS='NEI,¡I)
44. wR¡rE(4,684) M

45. 684 FoRl{ÀT(' The total number of sample that satisfied Èhe
46. c RÀTIO criterion is' ,I{,' .'}
47. WRITE (4,681) RÀT¡O,JUMP
48,681 FoRHÀî(' This is the variance of EMG Yith',
49. c 'RJ'{s-Error <' ,F?.3,'X', 'and JUMP=',r3,'.')
50. HRITE(4,680) (HEMG(I ),¡=l,LENGTH)
51, 680 FORIíÀT (5815.?)
52 . CÀLL PLOT(MEMG, LENGTH, 1 )

53. CLOSE (UNIT=4,DISPOSE='KEEP.)
54, STOP
55. END
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8.1.9 Proorsm ÀCEMG.FfN

1. PÀRÀMETER (IDÞLÀY=290,NF¡LE=4O,NSÀM=3,¡BEGIN=261,IÀNSÀH=320'
2. C RÀTt O= 3 ,0, LÀST= 50 0 0, JUMP= 5 0 )

3. TNTEGERT2 STÀRT( 120),I, r 1,M, K( IÀNSÀM),
4. C COUNTI ,COUNT2,COUNT3 -

5. REÀL*4 VÀR,VÀRSG1(120),Z,EMG(LÀST).I(,ÀCEMG(IÀNSAM},TÀU
6. DÀTÀ ÀCEMG/I ÀNSAMr 0 . o/,M/0/
7. CHÀRÀCTERT9 EHF¡LE({O)
8. *
9. EMFI LE( 1) =.KOEM1 '

10. c ro
11. ÞMF I LE ( 4 0 ) = ' KOEM4 0 '
12, .
13. OPEN (UNTT=2,FILE='RSTÀRTER"STÀTUS='OLD,)
14. REÀD(2,r) (STÀRî(r),r=l,NFlLEr3)
15. CLOSE (UNTT=2,D¡SPOSE='KEEP.)
16, r
1?. OPEN (UN¡T=3,FrLE=,KVÀRSG,,STÀTUS='OLD')
18, REÀD( 3, Ê ) (VÀRSGI(r),t=l,3rNFILE)
19. CLOSE (UNIT=3,DISPOSE='KEEP')

21 . DO 700 COUNÎ1=1.NF¡LE
22. OPEN (UNIT=2,FTLE=EMFILE(COUNTl),STÀTUS='OLD')
23. REÀD( 2, i ) (EMG(I ), t =1,LÀsr)
24. CLOSE (UNIT=2,DTSPOSE='REEP.)
25. ,
26. DO 710 COUNT2=I.NSÀM
2?. r 1= (COUNT1 -1) *NSÀ¡,|+COUNT2

28. I=STÀRT(I1}-l+JI,JMP
29, Z=VÀRSG1(rI )

30. IF ((Z.LE. RÀT¡O).ÀND.(Z.GE'O'O)) THEN
31. H=H+l
32 . TÀU=EMG ( t +t DELÀY }
33, DO 720 COUNT3-¡BEGIN,IÀNSÀH
34. X=EMG ( ! +COUNT3 ) rTÀU
35. ÀCEMG ( COUNT3 ) =ÀCEMG ( COUNT3 ) +X
36.720 CONTI NUE
31 . END IF
38,710 CONTTNUE
39. ?OO CONTINUE
40, *
41. DO 730 COUNT1=IBEGIN,¡ÀNSÀM
42.730 ÀCEMG (COUNTI ) = (ÀCEMC(COUNTI ) ),/M
43. '44. OPEN (UNIT=3,NÀME='KÀCEHG"STÀTUS='NEW.)
45. WR¡ TE ( 3,702 ) IDELÀY,RÀTIO¡JI'MP
46,702 FOR},jÀT(x,'This is the ãutocorrelôtion o! EMG

47. c rjith DELÀY= i.I3,'.2^5, ¡¡a¡¡="F5.2r'un¿ ¡Ul.fp="I3)
48, r4RrrE(3,703) IÀNSÀM,M
49. ?03 FoRMÀT(x,'lt consists of ',¡3,' sanples-ìengtn 

"n¿ 
v=' ,I3)

50, CÀLL PLOT(ÀCEMG, ¡ BEGI N, T ÀNSÀM,1)
51, CLOSE(UNIT=3,D¡SPOSE='KEEP,)
52, STOP
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B. 1 . 10 Proqrarn l.tl.fÀE. FfN

I. PROGRÀM ¡O{ÀE
2. PÀRÀMEÎER (L=12,LEN=gO,NFILE=1OO,LÀsT=5OOO,RÀTro=3.0)
3. TNTEGER r,K,K2,t1,K3,K4,STÀRT(600),KK,NNFrLE,r.t,NuM
4. REÀL*{EMG(LÀST),VÀR(600)
5. REÀLT4 ÀVE ( LEN } , DUH, DU}I l , DUM2, ME ( LEN )
6. CHÀRÀCTERT9 FNÀME ('I OO ) ,OUTPUT( 2 )
7. DÀrÀ ÀvEilLEN* 0. 0/ ,NUH/o/8. c9. FNAr'lE(1)=',ÀÀM1 '

10. c To
11, FNÀME ( 100 ).'ÀÀ1.1100'
12. c
13. OPEN (UNIT=3.NÀME=IÀÀSTÀRTERI,STÀTUS=IOLDI)
14. REÀD(3,*) (srÀRr(r),r=1,600)
I5. CLOSE(UNIT=3,DISPOSE='KEEP')
16. c
17. OPEN (UNIT=3,NÀME='ÀÀVÀRSG"STÀTUSÉIOLD')
18. REÀD( 3, r ) (vÀR(¡),r=r,600)
19. CLOSE (UNITÈ3,DISPOSE='KEEPI)
20. c
21 . ourPUT(l )='Àr.0.rÀE1'22. ourPUT( 2 )., ÀMMÀE2,
23. c24, KK=o
25. NNFILE=NFILE/2
26. M= 2*L+ 1

28. DO 50 COUNÎ=1 ,2
29. opEN (uNrT=3,NÀME=OuTpuT(CouNT),BLocKsIzE=300,sTÀTUs=tNEi.¡')
30. c
31. DO 10 K=1,NNFILE
32, KK=KK+ 1

33. oPEN (UNIT=4,NÀME.PNÀHE(KX) IsTÀTus='oLDI}34. REÀD(4,*) (EMG(¡),¡=1,LÀsT)
35, cLosE(UNIT={rDtsposE='KEEP'i)
36. c37, DO 20 K2=1,3
38. ¡ 1=(KK-1)*3+K2
39, r =srÀRT( t 1),/2_L_1
40. r r=sTÀRT(r1)-L-l
41. C
42. tF (vÀR(t 1) .LE. RÀTro) THEN
4 3 . Nt Ìt=NUì,|+ 1

44. DLJM=o.o
45. DO 30 83=1,M
4 6. DU|H l =EMc ( I +K3 ) rr2
41 . DUU=DUÍM+DW l/M
48.30 CONTINUE
49, ME( l)=Dlrlt
50. ÀvE( 1) =ÀvE( 1)+DUM/600.0
5f . c52. rr=r
53. DO 40 R4=2,LEN
54. ¡=tt+K4
55. DUH1 =EMG ( I +M- 1) ii2
56. DUH2=EMG(r-] )irz
57. DUM=DUM+ ( DUM 1-DtJriz't A458. HE(K4)=DUH
59. ÀVE(K4)=ÀVE(K4)+DUM/600,0
50.40 coNTtNUE
61. cÀLL PLor(ME,1, LEN,1)
62. END IF
63. 20 CONTI NUE :
64. 10 coNltNuE

to



65. CLOSE (UNtT=3,DISPOSE='KEEP')
66, 50 coNT¡NUE
67. C
68. OPEN (UNIT=3,NÀME='ÀHE'ISTÀTUS='NEW')
69. HR¡rE(3,r) (ÀvE(¡ ) , ¡ = l , LÞN ) , Nt r,r
70, CÀLL PLOT ( ÀVE, 1 , LÞN, 1 )
71. CLOSE(UNIT=3,DtSPOSE='KEEP')
72. STOP
73. END
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8.1.11 PTOOTaM EMMÀE. FTN

I. PROGRÀH EMHÀE
2. PÀRÀMETER (LEN=gO,BEGtN=3O,TEND=70)
3. INTEGER I ,K,X1, COUNT1 ,NN
4. REÀL*4 ÀVE(LEN),ME(LEN),DUH,ERR,SUM,NOR}.I,HSE
5. CHÀRÀCîERTg TNPUT({}
6, DÀrÀ NOR}{/o,o/

8. OPEN (UNIT=4,NÀME='ÀÀMEMG"STÀTUS='OLD')
g. REÀD(4,*) ( ÀvE ( I ) , r = 2 5 , LEN )

IO. CLOSE(UNIT={,DTSPOSE=.KEEP.)
tl. c
12, DO 40 K=BEGI N,I END
13. Dt¡,t=ÀvE(K)
14 . NORII = NOR¡'I+ DUl.l i DUì{
15.40 CONTTNUE
r6. c
l?. I NPUî ( 1)='ÀMMÀE1'
18. I NPUT ( 2 ) = ' Àl'î.{ÀE2 '
19, I NPUT ( 3 ) = ' ÀMHÀ83 '
20. ¡ NPUT ( 4 ) = ' ÀMMÀ84 '
21 . C
22. OPEN (UNIT=4,NÀMÐ=IEMHÀE',STÀÎUS='NEHI}
23. C
24. DO 10 COUNT1=1,4
25. OPEN ( UNI T= 3, NÀME= t NpUT ( COUNTI ),STÀTUS=,OLD,)
26. REÀD( 3, * } NN

21 . C NN=2
28. DO 20 K=I,NN
29. REÀD( 3, r ) (ME(¡),r=1,LEN)
30 . SU¡,r=o, 0
31 . DO 30 K1=BEGIN,IEND
32. ERR=ÀVE(KI ) -HE (X1)
33. SUÍM= SUÍ¡,+ERR i ERR
34, 30 CONTTNUE
35. HSE=SW,/NORüi 100.0
36, HRrrE(4,r) MSE
37. 20 CONTI NUE
38. CLOSE (UNtr=3,DrSPOSÐ=',KEEP')
39. 1O CONTINIJE
40. CLOSE (UNIT=4,D¡SPOSE='KEEP')
41 . STOP
42. END
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8.1.12 Proqran WIENER.FTN

PÀRÀMETER ( NN= 50, I END= 4 O , JU}IP= 90, NF I LE= 5O )
INTEGERT2 K, T, T t,T,TT,N, STÀRT( 1 50 ) , NSTÀRT, FNUM
REÀLT4 K1,I(2,KI(, L,À, K4, K3,II5, XN ( I END},H (NN ),X( 50OO ),

c Rut{,Í¡NN, v¡N, Htt, Dt M, su , DttH f , Dt u2
CHÀRÀCTERT9 TNPUÎ(50}
DÀrÀ xN,/rENDro. o/,stil/o.o/,Dt .t2/o.o/

wN=5
e¡U= 1 00
K1.1.0
K2=1.0

wNNÈ2.0*3.1416*f.¡N
H¡fl{=2.0*3. 1416*w}1

Kt(=K1+K2
KK=SORT ( RR )
L= ( x 1/(w¡û'{*r+sr) +K2l(wNN*tlNN ) )

L=soRT ( I )
À=K 1 Ê ( 1 . O +erNN/wHH ),/( KK+trNN' L )

K3=À/(L'rwu}r)
K4=^/La lt .O-KK/ (L*wl{}t) )
r{5 -KKl( L )

DO 10 K=l,NN
DUt'r= Exp ( -w5r ( K- 1 ) r.0 . 0 0 2 ) i K4
H(K)=Duu
SUM=SUll+Dt l't

CONT¡NUE
H(1)=H(1)+K3
SUü=St,l'|+K3

I NPUÎ('l ) ='ÀÀSl '
I NPur ( 50 ) ='ÀÀs50'

OPEN (UNT T=3, NÀME=' ÀÀSTÀRTER 

" 
STÀTUS=' OLD' )

REÀD(3,r) (STÀRî(I ),I=l,NFILE*3)
CLOSE (UNTT=3,DI SPOSE=' KEEP' )

OPEN (UNIT=3,NÀME=' ÀÀ!I1 

" 
STÀTUS=' NE!¡' )

DO 100 FNL¡|=1 ,NFI LE
opEN ( UNrT=4, NÀME=I NPUT ( FNLH), STÀTUS= | OLD, )

RËÀD( 4, * ) (x(r),¡=1,s000)
CLOSE(UNIl=4,DlSPOSE=, KEEP' )

DO 110 COUNT= 1 , 3
DUH2=0.0
r r =STÀRT ( ( FNUM- 1 ) r 3 +CoUNT ) +Jur¡rtp

DO tf ¡(=t¡-50,t¡-30
DuH2 =DuM2 +x ( K )

CONTI NUE
DtJtl2=DUM2 /21 .0

DO 40 K=¡¡-60,II+IEND
Du}r1=ÀBs(x(K) )

DUHl=x(K)-Dtu2
DUH=DUM1*DUM1
DUH=LOG ( DUM)
X ( K } = DIJM

CONTI NUE

f.

6.
7.
8.

10.
11,
12,
r3.
14.
15.
16,
17,
18,
'19.
20-

50.
51.
52.
53.
54.

56.

59.
60.
61,
52.
63.

10

c

'It

c

40
c
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i

65. DO 4t KÈl¡¡END
66, 41 xN(K)=0.0
67, c
68. Do 20 T=rr,t!+tEND-1
69. TT=T-¡ I+ l
70, DO 30 K=I,NN
?l. 30 xN(TT)'xN(TT)+H(K).x(T-K+1)
72.20 coNTt NUE
?3. c
14. DO 200 R=¡I,I!+IEND-1
75. TT=R_II+I
76. DUM=xN(rr)/Sulr
77. DUM=EXP (DI'H)
78. xN (rr ) =DI.JM79. 200 coNTt NUE
80, c
81, C Î.¡RITE(3,101) Xl,K2,r{N,r.rH
82. HRITE(3,r.) ( tN ( r ) , I = 1 , I END )
83. C CÀLL PLOT ( XN, 1 , r END, 1 )
84, c
85. 110 CONTTNUE
86. 100 coNTrNuE
87. c
88. cLosE (uNtT=3,DrsPosE='KEEP',)
89. c
90. sroP
9'1. 101 FORIíÀT(10x,'K1=',F7,2,3x,'X2=r,F7.2,3x,'wN=',F7.2,
92. C 3X,'ç¡a=. ,î7.2h93. END
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8.1.13 Prooran wIENEE.FTN

I . PROGRÀM WI ENEE
2, PÀRÀM8ÎER (LÀsr=4o,JUHP=o,scÀLE=1.o,NFtLE={,NsÀM=150}
3. TNTEGER I,K,K'I,COUNÎ1,NN,N(LÀST),FNUM,COUNT
4, REÀL.4 ÀvE(LÀsT),Hs(LÀsT),DUH,ERR,NOR],I,MSE.SI,,I'I
5. CHÀRÀCTER*9 ¡NPUT(4 }
6. DÀrÀ NoRfi,/o. o/,covvl/o/
7. C
8. opEN (uN¡T=4,NÀME='ÀÀMEMG',srÀTus='oLD')
9. REÀD( 4, r ) (N(r),ÀvE(I),r=1,LÀsT)

'to. cf,osE (UNIT=4,DrsPosE='KEEP')
11. C
12. DO 40 K=I,LÀST'l3. DUM=ÀVE ( K )
1{ . NOR},=NORH+DI UiDlrU
15.40 CONî¡NUE
16. C
11 . ¡NPUT(1)='ÀÀtll'
18. rNPUT(2)=',ÀÀW2'
19, ¡NPur(3)='ÀÀw3'
20. INPUT(4)='ÀÀW4'
21, C
22, opEN (uNIT=4,NÀME='ÀÀltE',srÀTus='NEr'¡')
23. WRrrE(4,r) SCÀLE
24. C
25. DO 100 FNrnr.l,NFILE
26. C
27. opEN (uNIT=3,NÀME=INPur(FNUM),srÀTUs='oLD')
28. DO 20 K= I , NSÀH
29. REÀD( 3, r ) (HE(r),t_t,LÀsr)
30. sUM=0.0
31. DO 30 KI=I,LÀST
32, ERR=ÀvE(x l )-ME(Kl )*scÀLE
33 . St 14= SUI'I+ERRi ERR
34. 30 CONT1NUE
35. MSE=SuÌ'r,/NORl.li 100. 0
36. IF (MSE .LE. 30.00) îHEN
37, COUNT=COUNT+ f
38. END IF
39, wRITE(4,r) K,MSE
40. 20 CoNTINUE
41, cr.osE (uNrr=3,DIsPosE='KEEP')
42. 100 CONTTNUE43. wRrrE(4,r) couNT
44. CLOSE(UNIT=4,D¡SPOSE=.KEEP,)
4 5, STOP
4 6. END
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8.2 CIJRVE-FI TT PROGRÀIIS USED IN THE ÀI.IDÀHL

8.2.1 Prooran CFIT

1. // JoB',,,L=5,T=20,t=8',cl,Àss=1
2. //. ExEc sÀsPLor, oPrl oNs= ' s=8 0 '
3, ,TSYSIN DD *
t. b'opr¡oNs DEVIcE=xERox HstzE=10.?5 vstzE=8'25 coloRs= ( RED 

' 
BLUE l

5. RorÀTE;
6. DÀTÀ RüS;
7. INPUÎ T FITGG'
I . K=0.31488 t
9. OUTPUT;

10. CÀRDst

200. ;
2OI. PROC NLIN
2O2. DÀTÀ=R¡,IS
203. METHOD=DUD'
2OE, PÀRHS
205. Kf=0.01 To 1.0 8Y 0.1t
206. DUM=SXP ( -K1*T) t
207. MoDEL FTT=ß* (l _Du ),
208. OUTPUT OUT=B R=RMSERR P=PRED¡CT;
209. PROC GPLOT DÀTÀ=B t
2ro. pl,or PREDIcrrr F¡Tir/ovERLÀYi
211. TITLE .C=RED .F=TRIPLÞx .H=2 VEN-EMG(C) 65;
212. SYMBOL1 V=PLUS C=BLUE I=SPL¡NE;
213. SYMBOL2 v=+ C.RED I=SPLINE'
214. FOOTNOTE I .CËRED .F=DUPLEX .H=0.7 PLUS SIGN = PRÞDICTED CURvEt
215. FOOTNOTE2 .C=RED .F=DUPLEX .H=0.7 CIRCLED PLUS = ÀCTUÀL CURVE;
216. FoorNorE3 ,C=BLUE 'F=DUPLEX .H=1 T= ù2ms;
21't. /t
218, //52 EXEC XPLOT
21e. //
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8.2.2 Proqram DFI T

1, // JoB',,,L=5,rÉaM,r-20',cLÀss=1
2. // Ê,x9c sÀspf,or, opr¡ oNs= ' s =8 0 '
3. ,TsYsrN DD *
4. GoPTTONS DEV¡cE=XERo:( HstzE-10.75 vslzE=8.25 coLORs= ( RED, BLUE )-
5. ROIÀTE;
6. DÀîÀ R¡{S;
7, I NPUT T FITGE'
8, K=0. f0967t
9, OUTPUT'

r 0 . cÀRDs;

210. ì
220. PROC ¡¡LI N
230. BEST=5
240. DÀTÀ=RHS
250. HETHOD=DUD¡
260. PÀR},'S
2'10. À=-1 TO 1 BY 0.1
280. B=-1 TO f 8Y 0.1;
290. DUM1 =EXP ( -À*T ) t
300. DuM2=ExP(-B*T);
310. DtM3=À-Bt
320. K1 =8,/DUH3 t
330, R2=-A/DIJ¡13ì
340. MODEL F I T=Kr ( 1+K l rDUfM I +K2 *DUü2 ) ;
350. DER. À= -Àr K l rDUM l i
360. DER. B; -Br K 2*DUM2 t
370. OUTPUT OUT=B R=RMSERR P=PREDICT;
380. PROC GPLOT DÀTÀ= B;
390. PLOTPRED¡CT'ITFIT*T,/OVERLÀY'
{OO. TTTLE .C=RED .F'TR¡PLEX .H=2 FKEN-EMG(D) 11t
{10. SYMBoLI V=PLUS C=BLUE I=SPLINEt
420. SYMBOL2 v=+ C=RED ¡=SPLINE;
430. FOOTNOTE1 .C=RED .F=DUPLEX .H=l PLUS S¡GN = PREDICTED CURVE;
4{0. FOOTNOTE2 .C=ReD ,F=DUPLEX .H=1 CIRCLED PLUS = ÀCTUÀL CURVE;
450, FOOTNoTE3 .C=BLUE 'F=TR¡PLEX .H=1 T= *2mS;
460. /a
410. '//52 EXEC XPLOT
480, //
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8.2.3 Proqram EÐPARK

6. // JoB ',,,r,=5,r=zo,¡=8' ,cI,Àss=À
7. // ExÊc sÀsPLor, oPTI oNs = ' s.8o '
8. /,/SYSIN DD *
9.'GôprroNs DEvrcE:xERox Hs¡ zE=1 0. ?5 vsI zE=8. 25 coloRs= (RED, ELUE)

1 O. ROTÀTE;
I I. DÀîÀ RHS 

'12. INPUT TÀU F I TG@;
13. E3=0.05083t.l4, ÀCM=lt
15. oFFSET=o'07210;
16. K=0.43734t
11 . ZERO=4 7 t
18. T=60t
1 9. OUTPUT;
20 . CÀRDS;

600. ì
601 . PROC NLI N

602. DÀTÀ:R$S
603. HETHOD=DUD t
5O{. PÀRMS
605. À=0.1 TO 2.0 BY 0.1t
606, TÀU1 -TÀU-zERot
607 . T11=T-ZERO;
GOB. NT. (K* ( 1-Exp( -E3*TT1) ) +OFFSET);
609. NTAU= ( KÊ ( 1-EXP ( -E3 TTÀU1 ))+OFFSET)'
610 , T1.TÀU1-TTl t
511. Kl=ÀCM¡ (À*r3 ) ;
612 . DUr¡{1E ( 1/(À**3 ) +ÀBs(Tl )/(ÀiÀ) -T1*r1/À} *ExP(-ÀrÀBs(T1) );
613. MoDELFTT=KlrDtHt*SORI,(NT)rseRT(NTÀu);
614. oUTPUT OUT=B R=R-MSERR P=PREDICTi
615. PROC GPLOT DÀTÀ=B;
516. pLoT pREDrcTiTÀU F ¡ T*TÀU,/ovERLÀy;
617. TITLEl .C=RED .F=TRIPLEX 'H=2 KKEN(.IP} ZERO=4?;
618. TTTLE2 .C=RED .F=DUPLEX .H=2 T=60t
619. LÀBÐL PREDTCT=iÀTUO-CORRELÀTIONrt
620. SYMBOLI V=PLUS C=BLUE I=SPLINE'
621 . SyMBOL2 V=+ C=RED I=SPLINE;
622. FooTNoTE .C=8LUE .F=DUPLEX .H=1.3 1=r2ñS;
623. /t
624 . //52 EXEC XPLOT
62s. //

i, '// ¿os ' ,,,L=s,T=20,r=B',cLÀss=À
5. // Èx9c sÀsPLol,oPTIoNs='s=Io'
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8.2.4 Proora¡n PÀRK2

1. // JoR t ,,,L=s,1=20,r=8' ,clÀss=1
2. // exlc sÀsPLor, oPTt oNs= ' s =80 '
7. //sYstN DD 1,

g. bbpr¡oNs DEvI cE=xERox HsI zE= 1 o. 75 vst zE=8. 25 coLoRs= (RED, BLUEI
9. ROTÀTE;

10. DÀTÀ RHS 

'11. TNPUT TÀU FIIGG;
12. ¡,1-0.20175;
13, Bl=0.20434t
14. ÀCM=l;
15. oFFSET=0.00823t
t 6. K=0. 1 1 377;
I ?. ZERO= 56;
18. 1=15{t
19. OUTPUTT
20. CÀRDS t

550. ì
560. PROC NLT N

570. DÀTÀ=RfiS
580. HETHOD=DUDt
590.
500. À=0,1 To 2.0 BY 0.1;
610. TÀU1=TÀU-zEROt
620 . TT1.T-ZERO;
630, Dr.Jt'{l1=EXP(-À1rrÀUl),
640. DUH12=EXP(-B1TTÀU1):
650, Dr.J 21=EXP(-Àr*TT1) t
660. DUM2 2=EXP ( -B I rrrl );
670, DU 3=À1-81;
680. KK 1= B 1,/DUM:KK 1=B 1,/DUM3 i

KK2.-À1,/DtrH3t
00. NT=(K*(r+KK1iDUr,{11+KK2rDUM12}+OFFSET);
10, NTÀUÈ(¡(*(1+KKlrDtñ121+¡(K2ÊDUM22)+OFFSET)'
20. 11=TÀU 1-TT1 ;
30. x1EÀcM*(À*r3)t
{0. HUMl = ( 1/(Àr*3 ) +ÀBs (rl )/(À*À)-11*T1/À} rExP( -À*À8s (11) ) t
50. HoDEL FIT=K1*MUM1*seRT(NT)rSoRT(NTÀU);
50, OUTPUT oUl=B R=R.¡ISERR P=PReDICT;
70, PROC GPLOT DÀTÀ=8;
80. PLOT PREDICTiTÀU F I TTTÀU,/OVERLÀY;
90. TITLE .C=RED .F=TRtPLEX .H=2 ÀNG(2P) ZERO=55;
00. TITLE2.C=RED.F=TRIPLEX.H=21=154;
10, SYMBOLl V=PLUS C=BLUE I=SPLINE;
20. SYMBOL2 V=+ C=RED I=SPLINE;
30. LÀBEL PREDI CT= ' ÀUTO-CORRELÀTI ON ' ;
40. FOoTNoTE .C=RED .F=DUPLEX .H=1 T=i2nSt
50. /.
60, //s2 ExEc xPLor
70. //
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8.2.5 Subroutine PLOT

1.

3.
4.

6.

8.

t0.
11.
12.
r3,
14.
15,
16.
17.

19.
20,
21 .
22,
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
3?.

100

{0

suBRourtNe PLor (F, M, N, Ll
DtMENStoN F(N)
REÀL LINE(65)
DÀTÀ BLÀNK.Dor, rl/lB, lH., lH* /
DO 20 K=H, N

B=ÀBs(F(K) )
¡F(B.cr.À) THEN

À=B
P1-K

ÞND IP
CONT¡ NUE
À=0.
DO 30 K=H, N, L

B.ÀBs(F(K) )
rF(B .cÎ, À) THEN

À=B
P2=K

END IF
CONT¡ NUE
rF (F(P1 ) .cr. F(P2)) THEN

À=F ( P1 )
F( P2 )=À

END IF
A=x/32
DO l0 J=1,65

LI NÞ (J ) =BLÀNK
LINe( 33 ).DoT
DO 40 J=H, N, L

K= I Nr ( F ( J ),/À+ 3 3 )
LINE(K) =X
wRITE(3, 1OO)J,F(J),LINE
FORÌ.{ÀT ( 1X, t 4 , F9. 5, 1X, 65À 1 )

LINE(K}=BLÀNK
LINE(33)=Dor

RETURN
END
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c.1

ÀppendÍx C

COMPUTÀTION RESI'LTS

ENSEMBLE lrlEÀN OF EXPERIIIENTÀL STRÀIN-GAUGE DÀTÀ

0to203040
TiIne

(to obtain tire in nS multiply by 2.)

2840
0)Ea
¿J
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2080
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fiÐ
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.{Í
II

02040@60Í0ø
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C.2 ENSEMBLE MEAN OF EXPERII{ENTÀIJ EIIIG VÀRIÀNCE

,,Subject
/

ÀG
0.15

01020304050
TiJI€

(to obtain tinre in rts multiply by 2.)

Musc.le: B - BicePS Brachii
I o - Del roid
\ r - Rectus Fenrcris

t
I zsu¡ject+/(B) AG

cC
¿ 0.10
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E
JJ:l o.os
o.
4

0.00

73
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C.3 CURVE-FITTED EMG VÀRIÀNCE

C.3.1 Curve-fitted Results vith Function ó11

Þ<perimental
Cìrrve-fit function

: B - Biceps Brachií
D - Del toid
F - Rectus FemcrisI

B) o"-1"*tun'
0.15

(\
¿ o.1o

oEa
a.t;i o.os
o.
ã

Estimated
E- ParafiÞters

À=0. 20175\
8=0.20434/ or Kl

Ey-'.=3. 943 ------ 
¡'lean-Square-

' Error

Tùne

(to obtain tjnre in mS rnultiply by 2.)
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c.3.2 Curve-fitted Results rith Function óL.
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C,4 CURVE-FTTTED ÀIITOCORRELÀTIONS WITH RCE

C.4.1 Conbined rith óer

- 

Þ{Ferifnental

- 

Curve-fit function

Muscle: B - Biceps Brachii
D - Del toid
F - Rectus Ferpris

/-- $b)ect

Acy' r=154

'(\¡à o.os
0)ç
Ð

ã 0.00
ã,

-o.05

,,--_ Estirnatd
o< =r.*ßK Paraneter

't4Á 149 154 159 164-r
(to obtain f in rns multiply by 2.)

- where t is the tine instant( from the defined
starting-point) at wt¡ich the autocorrelation

. is calculated.
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c.4.2 Combined rith óc2
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